Objective: To investigate whether parathyroidectomy (PTx) reverses risk factors for arrhythmias related to the QT dynamic changes evaluated during bicycle ergometry exercise test (ET). Methods: Twenty-four postmenopausal women with primary hyperparathyroidism (PHPT) (mean age 60.0G8.4 years) and 30 sex-and age-matched controls underwent ET, echocardiography, and biochemical evaluation. The following stages were considered during ET: rest, peak exercise, and recovery. The patients were randomized to two groups: 12 underwent PTx (group A) and 12 were followed-up conservatively (group B). After 6 months, the patients were studied again. Results: Groups A and B showed no differences in mean baseline biochemical values, echocardiographic parameters, and QTc interval. PHPT patients showed an increased occurrence of ventricular premature beats (VPBs) during ET compared with controls (37.0 vs 6.6%, PZ0.03). Serum calcium level was a predictor of VPBs (PZ0.05). Mean value of QTc was in the normal range at baseline (group A: 401G16.9; group B: 402.25G13.5 ms) but significantly lower than controls (417.8G25.1 ms, P!0.01). A negative correlation was found between QTc and calcium values (PZ0.03). Physiological reduction of QTc interval from rest to peak exercise was not observed in PHPT patients before surgery. After PTx, group A had a significant reduction in VPBs compared with baseline (at baseline, 5 of 12 vs none of 12 patients after PTx, PZ0.03) and a restored normal QT adaptation during ET. Group B showed no significant changes after a 6-month period. Conclusions: PTx reduces the occurrence of VPBs and restored the QTc adaptation during ET.
Introduction
Convincing evidence has accumulated, indicating that patients with primary hyperparathyroidism (PHPT) may have an increased risk of death, mainly as a consequence of cardiovascular complications, even though the data on those patients with asymptomatic PHPT are limited and controversial (1, 2) . In this context, it is not known whether arrhythmias play any role in cardiovascular mortality in PHPT patients. We previously reported an increased risk of arrhythmias in PHPT patients evaluated by bicycle ergometry exercise test (ET) (3) . This myocardial electrical vulnerability is probably related to hypercalcemia, which is the main biochemical feature of PHPT together with unsuppressed levels of parathyroid hormone (PTH) (4) .
A recent paper showed the involvement of ionized calcium-related function in the principal mechanism underlying arrhythmias such as focal ectopic activity due to after depolarization and re-entrant mechanism (5) . Serum calcium levels are also negatively associated with QT interval duration both in PHPT patients and in normal subjects (6, 7, 8) . Indeed, we previously reported a relatively short QT interval and its different adaptation during ET in PHPT compared with normal controls (3) . It is well known that shortening of QT interval duration is associated with increased risk of arrhythmias and sudden cardiac death (9) ; furthermore and more importantly, it has been recently shown that QT interval duration was associated with increased mortality risk, even within the normal reference range in the general population (10) .
Therefore, it is of interest to know whether successful parathyroidectomy (PTx), by reversing the concomitant biochemical abnormalities, potentially reverses or even inhibits the progression of cardiovascular abnormalities that negatively affect the prognosis of these patients. Several studies reported a substantial improvement after PTx in the metabolic and the cardiovascular risk factors, also measured by echocardiogram, while other studies do not support this finding (11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21) . Interestingly, there are no studies regarding the effects of PTx on arrhythmic risk, in PHPT patients, evaluated during bicycle ergometry ET.
The aim of this study was to investigate whether PTx can eliminate risk factors for the occurrence of arrhythmias related to QT dynamic changes evaluated by ET.
Subjects and methods
Thirty-seven consecutive Caucasian postmenopausal women (age range 45-75 years) diagnosed as having PHPT at the Mineral Metabolism Centre of the University of Rome 'Sapienza' (Italy), between November 2009 and April 2011, were enrolled. The diagnosis of PHPT was made following the finding of hypercalcemia with an inappropriately high plasma level of PTH. During the same period, in the same center, 30 Caucasian healthy volunteer age-matched postmenopausal women were enrolled as a control group. Exclusion criteria were as follows: absolute contraindications to exercise stress test or uninterpretable ECG (left bundle branch block, presence of pacemaker, and pre-excitation), hypertrophic cardiomyopathy, and severe valvular disease. None of the patients enrolled were treated with drugs that could interfere with the QT interval. Other exclusion criteria were known coronary artery disease, diabetes mellitus type 1 and type 2, hypothyroidism and hyperthyroidism, hypo-hyperkalemia, hypo-hypermagnesemia, creatinine clearance (CrCl) !60 ml/min, and BMI O30 kg/m 2 . All patients gave written informed consent. Seven patients affected by PHPT were excluded due to the presence of co-morbidities. The study was approved by our local ethics committee.
Mineral metabolism was evaluated by measuring total Ca, ionized calcium (Ca CC ), phosphorus (P), creatinine (Cr), 25-OH-vitamin D (25(OH)D), and PTH, as described previously (22, 23, 24) . CrCl was calculated using the formula of Cockcroft & Gault (25) . TSH was measured using RIA (IRMA TSH-US, Irma ct, Radim Diagnostic, Pomezia, Italy) (26) .
In order to exclude patients with contraindications to ET, a transthoracic echocardiography was performed using a Toshiba Aplio CV instrument. The recordings were made with patients recumbent in the left semilateral position. Left ventricular end-diastolic diameter and left ventricular end-systolic diameter, interventricular septum thickness, posterior wall thickness, and transverse diameter of left atrium (LA) were measured according to standards recommended by the American Society of Echocardiography (27) . The ejection fraction (EF %) was calculated by Simpson's rule in apical fourchamber and two-chamber views. The velocities of early transmitral diastolic flow (E) and flow velocity during atrial contraction (A) and its ratio (E/A) were also measured.
Each patient underwent a symptom-limited upright bicycle ergometry ET (Medtronic M 700 Dynavit PPG Hellige), according to modified Bruce's protocol. All subjects reached 85% of their age-predicted maximal heart rates (28) . Blood pressure was monitored during exercise and recovery every 2 min; 12-lead ECG was acquired during exercise and recovery with PC ECG Norav 1200 Medical Ltd software, Yokneam, Israel. QT intervals were measured via standard 12-lead ECG at rest readings. During ET, QT intervals were measured in V5 lead in order to exclude artifacts. We chose QT from lead V5, according to a previous study (29) , because the T wave in this lead was often the tallest and most evident; it was beyond the purpose of this study to discriminate whether the results differed according to the lead selected for QT measurement. All the QT intervals were adjusted using Bazett correction formula (QTcZQT/ORR) (30) . The data including heart rate, blood pressure, and QTc interval are reported for the following stages: rest, peak exercise, and recovery. The recovery stage included the first stage (2 min after peak exercise) and the fifth stage (10 min after peak exercise). In previous studies, the heart rate recovery, the first few minutes after peak exercise, was shown to be a predictor of mortality (31, 32) . Thus, early and late recovery after adrenergic stimulation at peak exercise was evaluated.
Following initial assessment, the remaining 30 patients were randomized to either PTx or conservative management; randomization blocks comprised six patients each. However, six patients (three in each group) did not accept this randomization strategy because they wanted to have immediate neck exploration; therefore, they abandoned the study. Six months following the initial evaluation, both groups of patients, those who were randomized to surgery and those who were followed conservatively, underwent the same biochemical evaluations, cardiovascular procedures, 
Results
As a whole, the PHPT group (mean years from biochemical diagnosis: 2.3G1.9) included three patients with mild PHPT (patients with serum calcium levels not higher than 1 mg/dl with respect to the normal range, or evidence of bone, renal, or stone disease) (33) . In the PHPT group, four subjects were under 50 years. Except for three patients with mild PHPT, the remaining sample was symptomatic and met current indications for surgery (osteoporosis was diagnosed in 70% of patients and kidney stones in 38% of patients) (33) . There were no differences concerning traditional cardiovascular risk factors between patients and controls (hypertension was diagnosed in 50 vs 24% of subjects, dyslipidemia in 11 vs 14% of subjects, and a positive familial history for cardiovascular disease in 10 vs 14% of subjects). The diagnosis of dyslipidemia was made on the basis of anamnestic data because we did not measure cholesterol level.
After randomization, 12 patients underwent PTx (group A, nZ12) within 15 days after enrollment in the study. The remaining samples were followed conservatively (group B, nZ12). The cardiovascular risk factors considered so far did not differ between groups A and B.
Anthropometric and biochemical values of the patients are shown in Table 1 . There was no significant difference between PHPT patients and controls, apart from the expected mean higher levels of total, ionized calcium and PTH and mean lower levels of phosphorus in PHPT patients. The echocardiographic parameters of BP, blood pressure; HR, heart rate; R, rest; P, peak exercise; 1st Rc, 1st stage of recovery; 5th Rc, 5th stage of recovery.
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www.eje-online.org PHPT patients and controls are given in Table 2 . These indices were within normal values and did not differ either between PHPT patients of groups A and B or when compared with controls. Table 3 shows mean blood pressure and heart rate values for every stage of the ET considered; there were no significant differences between the two groups of PHPT patients when compared with controls. At rest, mean values of QTc interval in PHPT patients were significantly lower compared with those found in controls, even though they were within the normal range. There was no difference between QTc values in every ET stage in groups A and B (Table 4) . PR and QRS measurements were also normal and their mean values did not differ between PHPT patients and controls (data not shown). As expected, the QTc values at rest showed a negative correlation with serum total calcium levels (RZK0.30, PZ0.03) as shown in Fig. 1 .
The ETs were negative for ischemia-induced symptoms or signs, both in patients and in controls. However, an increased occurrence of ventricular premature beats (VPBs) in PHPT patients during ET was observed at baseline compared with controls (37.0 vs 6.6%, PZ0.01). VPBs were predicted by total calcium levels by regression analysis (R 2 Z0.17, bZK0.41, PZ0.05) but not by QTc at rest. QTc at rest was a predictor of QTc in every stage, as we previously demonstrated (3) .
The difference in the dynamic changes of the QTc interval between the PHPT and controls is shown in Fig. 2 (group A) and Fig. 3 (group B) . Contrary to what has been observed in the control subjects, the physiological reduction of QTc interval from rest to peak exercise was not seen in groups A and B of PHPT patients. In fact, considering the delta QTc interval, that is, the difference between every stage of the ET in both groups, only delta QTc rest-QTc peak exercise showed statistically significant differences between PHPT patients and controls (group A vs controls: K1G1 vs K13.8G18, group B vs controls: K0.1G2 vs K13.8G 18, both PZ0.01). There was no difference at baseline between groups A and B considering QTc at every stage and delta QTc.
After 6 months, patients who underwent PTx (group A) showed a significant reduction of mean ionized calcium levels and PTH levels compared with baseline (1.45G0.16 vs 1.22G0.03 mmol/l, 80.3G23.55 vs 34.6G12.3 pg/ml respectively, all P!0.001), whereas in group B, these parameters remained stable. The echocardiographic parameters, as well as mean blood pressure and heart rate, did not show any differences after 6 months compared with the baseline, both in groups A and B (Tables 2 and 3) .
After 6 months, mean values of QTc at rest in group A were significantly higher compared with mean values found at baseline, although within the normal range; the mean QTc values in group B remained significantly lower compared with controls (Table 4 ). Figure 2 shows that, after PTx, the dynamic changes in QTc of group A differed compared with the baseline being equal to the controls. In fact, mean values of delta QTc rest-QTc peak exercise did not differ between the parathyroidectomized patients and controls. A significant reduction of VPBs was also observed after PTx (at baseline, 5 of 12 vs none of 12 patients after PTx, PZ0.03). Taking into consideration patients in group B (i.e. those who did not undergo PTx), the dynamic changes in QTc remained stable after 6 months and therefore always different from the controls as shown in Fig. 3 . There was no significant reduction of VPBs after 6 months (4 of 12 patients at baseline vs 5 of 12 patients after 6 months). QTc (ms) Figure 1 Correlation between calcium and QTc interval at rest in whole sample.
Comparing parathyroidectomized patients after 6 months with those who did not undergo surgery, the first group (group A) showed mean significantly higher QTc values compared with group B at rest and at the fifth stage of recovery during the ET (Table 4) . Also mean values of delta QTc rest-QTc peak exercise were significantly different between groups A and B. Moreover, even if the prevalence of VPBs in group A did not differ at the baseline compared with group B, only patients who underwent PTx had a significant reduction of VPBs after 6 months (none in group A vs five patients in group B, PZ0.03).
Discussion
This is the first randomized study showing a reduction of VPBs and restored physiological QT dynamics, as evaluated by ET, after PTx in patients affected by PHPT. To the best of our knowledge, there is only one study evaluating the effect of PTx on VPBs; even though the authors did not find any changes in the prevalence of VPBs, it is worthy to underline that the investigators enrolled patients with coronary artery disease and diabetes that are well-known confounding factors (13) . Our study was carried out under strict exclusion criteria to avoid this bias and with a major strength of randomization.
VPBs in PHPT patients are predicted by total calcium levels, but the mechanism underlying this electrical abnormality is still unclear. Focal ectopic activity due to afterdepolarizationandre-entrantmechanismareprobably involved, both being linked due to hypercalcemia (5) .
We observed a prolongation of QTc interval after PTx, even though the values registered were always within the normal range. This is probably due to the effect of surgery on serum calcium levels owing to the observed inverse correlation between serum calcium and QTc interval. The importance of this observation is supported by data from the NHANES III, a large sample representative of the general US population that showed a U-shaped relationship between QT interval and mortality end points (10) . Shortened and prolonged QT interval durations, even within reference ranges, were associated with increased risks of total cardiovascular and non-cardiovascular deaths (10) . Our study also showed restored physiological QTc dynamics during ET after PTx. As can be seen in Fig. 1 , the QTc dynamics of parathyroidectomized patients is the same as the QT dynamics observed in the control subjects. Our observation is probably related to the longer QTc at rest (but still within the normal range) that was seen after PTx. In fact, QTc during ET is predicted by QTc at rest, as we previously demonstrated (3). Interestingly, patients who did not undergo PTx continued to show different QTc dynamics. QTc dynamics could represent a risk factor for arrhythmias (34) that PTx is able to reverse.
In our study, PTx did not modify echocardiographic parameters as some previous studies have shown; however, in our sample, these parameters were within the normal range and did not differ from controls, whereas in other studies, patients with left ventricular hypertrophy were enrolled (13, 14) . Also, mean blood pressure and heart rate during ET, before and after PTx, remained within the normal range and did not differ. This finding is in contrast to the only previous study that investigated ET in PHPT patients, which had many confounding factors (14) .
A possible limitation of our study was the relatively small sample size and the exclusion of male subjects from enrollment. Males were excluded because they have a different QTc normal range compared with women. QTc is longer in women, and this would have introduced a bias into our study (35) . Therefore, this exclusion strengthens our results. Another limitation of our study was the lack of lipid profile examination since dyslipidemia was diagnosed on the basis of anamnestic data; however, the prevalence of this well-known cardiovascular risk factor did not differ between PHPT patients and controls and between groups A and B.
In conclusion, on the basis of our data, an ET in patients with PHPT could add more information about arrhythmic risk than that provided by the ECG at rest. Therefore, the ET could show arrhythmias occurring during induced tachycardia and could reveal QT dynamics, which if altered represent a risk factor for arrhythmias. We demonstrate that after PTx, there is a significant resolution of cardiovascular abnormalities; indeed, arrhythmias during ET in PHPT patients were no longer observed and QTc dynamics were identical to those observed in normal subjects. The clinical implications of these findings need confirmation with a larger sample and possibly a prolonged follow-up; however, if the results of this investigation are confirmed, our study would likely change the recommendation for PTx that currently focuses only on traditional aspects of PHPT, such as skeletal and renal involvement (33) .
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